The origin of the vertebrates was a major event in the evolution of morphological diversity and the genetic mechanisms responsible for this diversity, once purely theoretical, can now be approached experimentally in the genome era.With a prototypical chordate genome, vertebrate-like development and simple morphology, amphioxus provides the appropriate model for investigating the origin of the vertebrates. Comparative genomics is revealing that both conservation and divergence of genes and cis-regulatory elements involved in developmental regulatory networks are required to shape different animal body plans. This article reviews the cis-regulatory studies performed in amphioxus, the discovery of conserved non-coding elements (CNEs) across the metazoans and the examination of amphioxus CNEs. Emerging ideas on the evolution of CNEs after large-scale genome duplication events and the state of cephalochordate genomics are also discussed.
INTRODUCTION
For over a century, the anatomy and embryology of the invertebrate chordates have been studied in order to shed light on the origin of the vertebrates [1] . The invertebrate chordates consist of the urochordates (ascidiacea, larvacea and thaliacea) and the cephalochordates also known as lancelets or amphioxus [2] . As in all chordates, amphioxus has a notochord, a dorsal hollow nerve cord, pharyngeal gill slits, an endostyle (a thyroid gland homolog) and a post-anal tail. In addition, amphioxus embryonic stages are very similar to those observed in vertebrate embryos [3] . Since amphioxus is an invertebrate but closely related to the vertebrates, it is in a key phylogenetic position within the metazoan lineage and developmental genetic findings in amphioxus have widespread implications for understanding chordate embryogenesis and the evolution of animal body plans in vertebrates ( Figure 1 ).
Various types of comparative analyses have long illuminated dark evolutionary corridors such as the evolution of morphological diversity. By comparing human and chimp protein sequences in 1975, King and Wilson [4] discovered that animals with different anatomies have very similar proteins. Over the next three decades, comparative studies in developmental genetics revealed that functionally conserved proteins pattern animal body plans across the metazoans and consequently changes in protein-coding regions can significantly alter morphology [5] . For instance, amino acid differences in a limb repressor domain of the arthropod Ubx protein can either limit or augment repressor function resulting in the limb differences observed in insects and crustaceans [6] . However, these proteins are often pleiotropic, that is, involved in many autonomous developmental processes which form discrete body structures and this trait can lead to selection against protein sequence changes due to negative effects on fitness [7] . In addition, comparative genome analyses across evolutionarily diverse organisms show that morphological complexity is not correlated to the number of protein-coding genes [8, 9] .
Another means of effecting large-scale changes in animal body plans involves evolutionary changes in the expression patterns of developmental regulatory genes such as transcription factors or signaling proteins [10] . Morphological changes may result from an expansion of cis-regulatory elements and an increase in the complexity of transcriptional regulatory mechanisms [11] . Cis-regulatory elements control the timing, quantity and region of gene expression [5] ( Figure 2 ). These elements include enhancers, silencers and insulators. Enhancers are DNA sequences within a cis-regulatory region, which up-regulate gene expression, while silencers down-regulate gene expression. Insulators can block enhancing or silencing interactions depending on the DNA context [12] . Transcription factors interact with specific sequences of DNA within the cis-regulatory elements and often regulate the transcription initiation complex [13] . As well as being proximal to the transcriptional start site, cis-regulatory elements can be located distally upstream, downstream, within an intron or UTR and even in coding exons [14] . Cis-regulatory elements (including enhancers) are modular and regulate gene expression in multiple domains [5] . Changes in the expression patterns of developmental genes often occur through mutations in the cis-regulatory regions of these genes, which can have 10-100 s of downstream targets forming complex gene regulatory networks (GRNs) [15] . Since the cis-regulatory regions of these genes are often composed of many modular enhancers, a change in one module will most likely only affect one expression domain of the pleiotropic protein allowing a trait variant that can be selected [7] . In the forty years, since Britten and Davidson proposed the mechanism of combinatorial control, whereby regulatory elements are integrated to influence gene expression patterns in different regulatory contexts [16] , comparative studies on a variety of developing organisms now supports the idea that large networks of regulatory genes (transcription and signaling factors) interact to direct species-specific spatial and temporal gene expression via cis-regulatory control elements [17] .
Comparative analyses that include amphioxus continue to accentuate the utility of this organism as the most appropriate extant proxy for the protochordate ancestral state. While initial phylogenetic analyses based on ribosomal DNA sequences placed urochordates basal to the sister groups amphioxus and vertebrates [18, 19] , more recent analyses with data from genome sequencing and expressed Shaded boxes indicate cis-regulatory elements or modules. The developmental regulatory gene encodes a transcription factor in this case which can target the transcriptional regulatory complex of downstream genes. X marks possible locations of DNA mutationsçnote that mutations can affect both regulatory elements and protein coding sequences. While mutations in upstream coding exons can affect many downstream interactions, mutations in one cis-regulatory module will most likely only affect one expression domain. sequence tag (EST) projects now place amphioxus basal to the sister groups urochordates and vertebrates [20] [21] [22] [23] [24] . Genomic analyses show that the amphioxus genome shares considerable synteny and numerous conserved non-coding regions with the human genome, whereas urochordate genomes are evolving rapidly and have undergone extensive gene losses and genomic rearrangements [24] [25] [26] [27] [28] [29] . Moreover, the amphioxus genome provides a model for the ancestral chordate genome before the large-scale genome duplication events that occurred in the vertebrate stem lineage [24, 30] , although there are several amphioxus-specific gene duplication events (see [29] [30] [31] [32] ). By comparing this prototypical chordate genome to vertebrate genomes, researchers can further test the duplication-degeneration-complementation and the duplication-degeneration-innovation models that have been proposed to explain how duplicated genes acquire new gene functions [33, 34] .
In the past 20 years, comparative molecular genetic studies have revealed that the genes expressed during the development of amphioxus are very similar to those in vertebrate embryos [35] . The functions of many developmental signaling pathways are related to those in vertebrates making amphioxus a simplified model for elucidating the GRNs that pattern vertebrate embryos [36] [37] [38] [39] . For instance, components of the ancient gene network, PSEDN (Pax-Six-Eyes absent-Dachshund network), which are required in multiple developmental roles, have been analyzed in amphioxus and appear to interact via evolutionarily conserved transcriptional regulatory linkages in vitro [40] . Often termed vertebrate 'innovations or novelties', the molecular origins of characteristics, such as neural crest cells, ectodermal placodes, an expanded brain, cartilage and mineralized tissues, such as bone, enamel and dentin have all been sought in amphioxus [41] [42] [43] [44] . These comparative studies indicate that the genetic foundations of many of these vertebrate features were present in the ancestral chordate. However, further assessment of the GRNs that led to these novel morphologies requires analysis of cis-regulatory regions and their interactions in amphioxus.
STUDIES OF AMPHIOXUS CIS-REGULATORY SEQUENCES
Studies of the endogenous expression of amphioxus cis-regulatory sequences are limited due to the short-breeding season and the need to inject hundreds of embryos with numerous construct variations [45] . However, there are several studies, which describe amphioxus regulatory elements that drive expression in structures that give rise to vertebrate innovations such as neural crest or vertebrae (derived from embryonic somites) ( Table 1 ). The first analysis of amphioxus cis-regulatory activity was assayed in transgenic mouse and chick embryos [46] . In this study, specific elements of the 3 0 -end of the amphioxus Hox complex directed expression to both the neural tube and neural crest, but not to the same domains as the endogenous vertebrate Hox genes. This suggested that although amphioxus lacks neural crest, the common ancestor of amphioxus and vertebrates possessed the regulatory sequences able to activate gene expression in neural crest cells.
The first study successfully microinjecting regulatory DNA into amphioxus was an investigation of a region upstream of the FoxD gene [48] . In amphioxus, this region directs expression to the nerve cord, somites and the notochord where the endogenous gene is expressed [49] . In chick transgenic assays, this region directs expression to the same tissues as in amphioxus, but not to the neural crest cells where the endogenous chick gene is expressed, which suggests that the vertebrate FoxD genes have co-opted new regulatory elements [50, 62, 63] . The second study microinjecting regulatory DNA into amphioxus identified a regulatory region of the amphioxus engrailed gene that directs reporter gene expression to the anterior somites, a few cells in the central nervous system and a few ectodermal cells, the same domains which express the endogenous gene [51, 52] . A muscle-specific enhancer identified within this region directs expression to both the somites in amphioxus and to the larval muscles in Ciona intestinalis. Although the native C. intestinalis engrailed expression is limited to the central nervous system, these results suggested that C.intestinalis larval muscles contain the transcription factors needed to direct expression of the amphioxus muscle-specific enhancer.
Experimental results can be equally informative when amphioxus cis-regulatory regions do not drive expression in vertebrates. Vertebrates with paired appendages require Tbx5 and Tbx4 in the forelimb and hindlimb, respectively, to initiate limb outgrowth [64, 65] . In contrast, amphioxus lacks paired appendages and has a single Tbx4/5 gene that is expressed in posterior ventral mesoderm [53, 54, 66] . Although the AmphiTbx4/5 protein [55, 61] can rescue limb outgrowth in a Tbx5 conditional knockout mouse, Amphi Tbx4/5 cis-regulatory regions cannot drive gene expression in the prelimb buds of transgenic mice. These results indicate that the regulatory regions driving Tbx4 and Tbx5 expression in limb domains were not present in the basal chordate ancestor but were acquired and/or activated at the appropriate developmental stage in the ancestral gnathostome lineage [54] .
IDENTIFICATION OF CONSERVED NON-CODING ELEMENTS
Before the advent of comparative genomics, identifying cis-regulatory regions was a painstaking process [14] . Typically, a candidate region of 1-10 kb was cloned into a reporter gene plasmid and tested for activity in cell culture or in embryos. If enhancer activity was identified, the region was divided into smaller pieces until activity was narrowed down to a small (50-500 bp) region. Finally, these observations were confirmed with deletion analyses of the region. With the diversity of whole-genome data now available, the identification of putative functional non-coding DNA is facilitated with comparative genomic analysis. King et al. [67] evaluated the ability of several comparative genomic computational methods to identify known regulatory regions of the mammalian b-globin gene complex finding that the methods identified 50-60% of known cisregulatory regions. Recently, Su et al. [68] provided a comprehensive examination of the current computational methods available to identify cis-regulatory regions with most methods falling into one or more of four different categories including window clustering, probabilistic modeling, phylogenetic footprinting or discriminative modeling. The results point to the utility of using several methods from different categories so that the strengths of one method can balance another. However, as long as information regarding the structural and spatiotemporal relationships between transcription factors and cis-regulatory DNA is in short supply, the identification of functional cis-regulatory modules will continue to be challenging. Publication of the human [8, 9] and pufferfish (Fugu rubripes) [69] genomes offered the first direct comparison of distantly related vertebrate species and identified syntenic, highly conserved noncoding sequences (CNS) [70] [71] [72] . Among vertebrates (including human, mouse, rat, chicken, pufferfish and others), evolutionarily conserved non-coding elements (CNEs) comprise only 3% of all non-coding DNA [73] [74] [75] . Depending on the parameters of the study (including fragment length and percent identity), subsequent genomic comparisons have given these non-coding regions many names, including CNEs, CNS, deeply conserved elements, ultraconserved, extremely conserved, extremely highly conserved sequences or hyperconserved sequences (reviewed in [14] ). A decade of vertebrate comparative genomics has now revealed that CNEs are often more highly conserved than protein-coding sequences and might be more valuable in revealing the ancient relationships within and between genomes [70, 71, 76, 77] . Sequence conservation of CNEs can be as high as 100% over 200 bp in orthologous regions among mammals and 95% over the same region between chicken and mammals [78] . These non-coding regions are not evenly distributed throughout genomes, but are found clustered around developmental regulatory genes encoding transcription factors or signaling proteins [70, 71, 78] . In functional assays in mice or zebrafish, CNEs often act as transcriptional enhancers during development [79, 80] . However, alternate mechanisms by which CNEs might regulate developmental genes are largely unknown.
CNES IN AMPHIOXUS
Although developmental regulatory proteins are highly conserved across metazoan phyla, CNEs are not conserved across these groups. Early comparisons between vertebrate and invertebrate genomes led investigators to believe that only vertebrate genomes contained CNEs. However, as more genomic sequence became available comparisons within nematode, insect or ascidian genomes revealed that CNEs in each of these lineages were also clustered around developmental regulatory genes [74, [81] [82] [83] . With the sequencing of the amphioxus genome, it now appears that conservation of these sequences extends to the invertebrate chordates. A wholegenome alignment of amphioxus and human genomic DNA identified a number of CNEs, which was unexpected due to a predicted evolutionary distance between these two species of over 800 million years [20, 29] . In all animal groups studied thus far, CNEs are found around the regulatory genes known to shape body plans (such as HOX, PAX and T-box) [84] .
Further investigations of amphioxus CNEs have shown enhancers active in transgenic assays. Near the zinc finger transcription factors ZNF 503 and ZNF 703, one amphioxus CNE and the two corresponding human sequences were identified and tested for enhancer activity [29] . Reporter gene assays revealed tissue-specific expression in both amphioxus and mouse; however, the CNEs did not always direct expression in the same pattern as the endogenous gene or direct expression to the same tissues in a different organism (Figure 3 from [29] Figure 6 , reprinted with permission of Oxford Journals). Since the CNEs are only 450-800 bp long, it may be that some patterning instructions might be missing. Alternatively, small changes within the CNEs could result in functional differences (see discussion of duplicated CNEs below). While whole-genome alignments can give a broad stroke view of sequence conservation, more focused searches can reveal conserved sequences between specific orthologous and/ or paralogous regions. Using a different computational method, Hufton et al. [55] identified over a thousand putative CNEs of at least 45 bp by searching genomic regions around specific genes or gene families among four organisms: mouse, pufferfish, zebrafish and amphioxus. Several of the amphioxus CNEs were tested in transgenic zebrafish assays and about 45% of the 22 amphioxus CNEs tested displayed enhancer activity (Figure 4 from [55] Supplementary Figure S2 reprinted with permission of Oxford Journals, and Table 1 ). These assays with amphioxus CNEs suggest that both enhancer function and transcriptional machinery can be conserved over 800 million years.
Concurrent with the publication of the amphioxus genome, a comprehensive examination of the amphioxus Hox cluster was presented [86] . In most vertebrate genomes, Hox genes are organized in linked clusters of up to 11 genes on 4 chromosomes [87] , whereas in the amphioxus genome, Hox genes are arranged in a cluster of 15 genes on a single chromosome [29, 88] . Hox genes encode transcription factors which organize various regions of the animal body plan such as the anterior-posterior axis [87] . The initial comparison of the complete Hox cluster of Branchiostoma floridae with the four vertebrate Hox clusters revealed that the amphioxus Hox cluster is much larger than any of the four vertebrate Hox clusters. Sequence alignments showed more conservation at the 3 0 -end of the cluster where anteriorly expressed genes are located, but little conservation of non-coding sequences [86] . A subsequent study compared the Hox cluster of two amphioxus species, B. floridae and B. lanceolatum, then compared the amphioxus Hox sequences with the four human Hox clusters [89] . Researchers found several amphioxus CNEs that share conservation with vertebrate sequences, but the amphioxus CNEs were often conserved with just one of the four vertebrate Hox clusters. This finding suggests that after large-scale genome duplication events produced the four Hox clusters in the vertebrate stem lineage, CNEs were differentially lost often in all but one cluster. The comparison of B. floridae and B. lanceolatum Hox sequences also confirmed that the intergenic regions at the 3 0 -end of the amphioxus cluster are more highly conserved, supporting the idea that conservation of this region may correspond to the importance of proper patterning in the anterior central nervous system [90] . Matsunami et al. [91] also identified conserved CNEs between amphioxus and vertebrates, but only two CNEs (one each in the 3 0 A and B Hox clusters, respectively) were significantly conserved between amphioxus and 19 different vertebrate species again suggesting differential loss of CNEs. In the context of a larger investigation of sequences controlling the zebrafish Hox4 genes, the activity of a few amphioxus Hox CNEs were examined in stable transgenic zebrafish to assess possible ancestral regulation [92] . The amphioxus Hox4 CNEs showed some Hox-specific expression in the hindbrain, spinal cord, pharyngeal arches and pectoral fins, but the expression was inconsistent among the transgenic zebrafish lines. However, further investigation of the amphioxus and zebrafish Hox4 CNEs revealed that the amphioxus sequence includes a Cdx-like binding motif and Cdx has been shown to negatively regulate Hox4 [93] . These results provide a valuable reminder that these experiments can assess enhancers that positively regulate gene expression but cannot differentiate between negative gene regulation and unspecific activity.
EVOLUTION OF CNES
Why are these non-coding regions so highly conserved across great spans of evolutionary time? The conservation of these regions is not due to lower mutational frequencies in these regions of the genome [75, 94] or lack of disruption during recombination. In fact, in human-mouse genomic comparisons the percent conservation between non-coding regions is not associated with linkage disequilibrium (the non-random association between alleles at different loci), suggesting that natural selection acts on non-coding elements as individual modules and recombination between the elements is common [95] . The high degree of conservation observed in CNEs is therefore not affected by the same mechanisms influencing the purifying selection of coding sequences which display strong linkage Mouse embryos shown at 9.5 days post-conception. The mouse ZNF503 construct directs expression to the forebrain, midbrain, hindbrain, eye and branchial arches. The arrows show expression in the eye directed by the two human elements, but not the amphioxus element. The arrowhead shows expression in a lateral domain that is directed by the amphioxus element, but not the human elements. Asterisks indicate sites of expression observed for all three CNEs. The amphioxus ZNF503/703 CNE construct expresses at a high level in the amphioxus notochord (n) and somites(s) and at a lower level in the ectoderm (e) and central nervous system (nc). The embryo in (D) has an abnormal head, presumably due to injection trauma. Ectopic expression in necrotic cells in the gut lumen as in G, L and S is common in amphioxus embryos injected with reporter constructs. Twenty-four-hour embryos (D, E and Q^T), 30 h larvae (K^M), 36 h larvae (F and G). Originally from [29] Figure 6 , reprinted with permission of Oxford Journals.
disequilibrium. The growing consensus is that CNEs are strongly constrained functional elements under high levels of purifying selection such that mutations may be even less permissive in CNEs than in exonic DNA [96] . Many CNEs are part of larger conserved syntenic blocks and may provide additional selective pressure to maintain the integrity and function of these regions [97] . Recently, an analysis of vertebrate conserved non-exonic elements (called CNEEs which are essentially CNEs minus non-coding RNAs) uncovered three periods of regulatory innovation in which CNEEs that arose 600-300 million years are associated with developmental regulatory proteins, CNEES that arose 300-100 million years are associated with receptor proteins and CNEES that arose in the most recent 100-50 million years are associated with the post-translational modification of proteins [98] . Taken together, these results shows the expression pattern for a PCNE associated with amphioxus soxB2, an ortholog of vertebrate sox21. Sox21 plays a key role in vertebrate neuronal differentiation [85] , and amphioxus soxB2 is expressed primarily in the developing neural tube [56] , indicating that these cis-regulatory elements may be part of an ancient genetic program regulating neural development.Originally from [55] Supplementary Figure S2 reprinted with permission of Oxford Journals.
suggest CNEs are conserved due to highly adaptive functional restraints.
A model has begun to emerge to describe how cis-regulatory sequences evolve. In 1970, Ohno proposed that gene duplication supplies fodder for either the evolution of a new function in one of the duplicates or a division of the ancestral functions among duplicates since the duplicated gene is free from selection constraints [99] . In keeping with this proposal, cis-regulatory regions that are also duplicated during large-scale genomic duplication events are also fodder for these processes. Studies of paralogous genes have shown that many duplicated CNEs display tissue-specific expression domains that often overlap [100, 101] . However, some duplicated CNEs can show different expression profiles suggesting that even small changes flanking or within a highly conserved sequence can result in functional changes. Since amphioxus represents a preduplication state, it will provide a useful model to examine the possible ancestral functions of these cisregulatory regions. It is possible that the modification of cis-regulatory elements after large-scale genome duplication events and subsequent re-wiring of the developmental regulatory toolkit gave rise to body plan diversification during the early Cambrian period and since then both body form and CNEs have become fixed within their lineages evolving separately and much more slowly [84] . New cis-regulatory sequences may also be derived from transposable elements. Thousands of transposable elements have been identified near developmentally regulated human genes and some have been found to act as functional enhancers [102, 103] . This evidence combined with the discovery of duplication and divergence of cis-regulatory regions lends further support to the proposals of both Ohno and Britten and Davidson presented long before the genome era [99, 104] .
NEW DIRECTIONS FOR AMPHIOXUS GENOMIC RESEARCH
As Pascual-Anaya et al. [89] demonstrated with their Hox cluster comparisons, access to more cephalochordate genomic sequences enables refined sequence comparisons, making it possible to find functionally important regions of the genome and analyze how they may have contributed to the evolution of the vertebrate body plan. At present, there are at least three species of cephalochordates actively studied in molecular genetics laboratories around the world including B. floridae (FL, USA), B. belcheri (Xiamen, China) and B. lanceolatum (Mediterranean Sea and other waters around Europe). The B. floridae genome has been published and the B. lanceolatum genome is currently being sequenced ( [24] , H. Escriva, personal communication). In addition, mitochondrial genomes have been published for two other cephalochordate species Asymmetron and Epigonichthys [105, 106] . Identification of chordate CNEs by phylogenetic footprinting can be greatly improved by including more amphioxus genome sequences which will break up the long branches [107] . In addition, the high percent identity (70-80%) discovered between B. floridae and B. lanceolatum intergenic regions indicates that these regions may be under functional restraints and points to candidate areas to test in functional assays [89] . Since many vertebrate CNEs have undergone duplication and divergence, amphioxus CNEs especially within the Hox complex which has not been broken or undergone degeneration in the amphioxus lineage may reveal insight into the ancestral regulation of these important patterning genes. Finally, additional amphioxus genomic data will highlight cephlochordate specific modifications such as the presence of Hox 15 providing more information to analyze the phenomenon of 'deuterostome posterior flexibility' [89] .
All of the cephalochordate species are morphologically similar despite estimated divergences between 100 million years for B. belcheri and B. malayanum (Indian Ocean) and 190 million years for B. floridae and B. lanceolatum [108, 109] . In addition, expression patterns for 18 developmental genes in B. lanceolatum are very similar to those observed in B. floridae and B. belcheri indicating that the species follow a similar path to an adult morphology [110] . In a similar time period (100-200 million years) telosts, birds, mammals and flowering plants have undergone extensive adaptive radiation within each lineage and populated a wide variety of niches, while the cephalochordate populations have displayed morphological stability remaining in relatively unvaried niches. Stasis has been observed in many other species including bryozoans [111] , stromatolites [112] and horseshoe crabs [113] . There are a variety of explanations of stasis presented in the literature including stabilizing selection in which individuals with intermediate variants of a trait have the highest fitness in a population [114] , dynamic stasis in which morphology of a lineage may fluctuate over time around a long-term mean value [115] or that the geographic structure of a species can maintain stasis since certain environments tend to limit morphological variants [116] . More comparative genomic analyses of the cephalochordates could also suggest genetic clues to the mechanisms of stasis.
CONCLUSIONS
Although CNEs were originally identified in vertebrates, their subsequent discovery in invertebrates and other eukaryotes has revealed another piece of the puzzle that is the evolution of morphological diversity. Yet, the function of many of these highly conserved elements remains a mystery. Genomic comparisons have indicated that there are CNEs in amphioxus and that some of these are functional in transgenic assays. It remains to be seen whether there is a significant pattern among the functional amphioxus CNEs. Are these sequences that provided key genetic links during the invertebrate to vertebrate transition? Further comparative studies of CNEs within the GRNs required for vertebrate innovations promise to provide answers to this question.
Key points
Comparative analyses of amphioxus morphology, development and genomic data indicate that this organism is the appropriate model for investigating the origin of the vertebrates. Amphioxus cis-regulatory sequences can direct tissue-specific expression to vertebrate structures such as neural crest or somites that give rise to vertebrate innovations. CNEs have been identified in the cis-regulatory sequences of both vertebrates and invertebrates including amphioxus. Amphioxus CNEs direct tissue-specific expression in vertebrates suggesting a deep conservation of regulatory function in the chordates. Studies of the amphioxus pre-duplicated genome state will inform the duplication and divergence events that have influenced vertebrate cis-regulatory regions, CNEs and the evolution of vertebrate morphology.
